In this research, a simple and rapid method for the separation and preconcentration of trace amounts of crystal violet (CV) from aqueous sample solutions by modified magnetic nano-particles (MNPs) has been developed. The modification of magnetite nanoparticles was conducted by tetra ethoxysilane (TEOS) followed by micelles of anionic surfactant (SDS) to enhance the preconcentration of CV. To characterize the shape and structure of the nanoadsorbent, FT-IR and XRD procedures were used. Also, the average size of the synthesized nanoparticles was achieved between 30 and 40 nm by TEM technique. The effects of some important parameters such as: aqueous solution pH, adsorbent dosage, contact time, temperature and desorption conditions on the separation and concentration of CV were investigated. So, under optimal experimental conditions: aqueous solution pH 6, solution temperature = 20 °C, 7 mg of adsorbent, 1 mL of eluent (0.8 mL of acetonitrile + 0.2 mL of acetic acid), the recovery of CV from river water samples was achieved 98.32 ± 0.056% (n = 5) in two short periods of time for extraction (5 min) and elution (2 min). The maximum sorption capacity of the nano-composite was determined to be 16.37 mg/g. Also linear dynamic range and limit of detection were calculated to be 10-2500 ppb and 1.82 ppb, respectively. Finally, the proposed method was successfully applied for the separation and concentration of CV from the real water samples and the results were satisfied.
Introduction
Natural and synthetic dyes are heavily used in many industries including food, cosmetics, textiles, pharmaceuticals, and leather tanning [1] . According to their chemical structures, dyes can be classified as acidic and basic dyes. Basic dyes (cationic dyes) are soluble in water with positive charge which are widely applied to acrylic fibers and paper but rarely applied to wool and silk. Cationic dyes are toxic even at trace levels [1] . Usually, cationic dyes are present in natural and treated wastewater and even in potable waters at µg or ng per liter [2, 3] .
Crystal violet is one of the cationic dyes which cause adverse effects on human health. It may cause eye burn leading to permanent cornea/eye damage. Its inhalation gives rise to a short period of rapid or difficult breathing, nausea, vomiting, profuse sweating, hypermotility, diarrhea, and abdominal pain [4] . Therefore, a preliminary preconcentration step is an essential step before analysis by sensitive instruments.
Several methods for preconcentration of dyes include dispersive liquid liquid microextraction (DLLME), cloud point extraction (CPE), solid phase extraction (SPE), and rotating disk sportive extraction (RDSE) [5] [6] [7] [8] . Among these techniques, SPE procedures are considered superior to other procedures, because these techniques have many advantages over others, such as: low running cost, high speed, low solvent consumption, and higher enrichment factors [9] . The effectiveness of dyes removal in SPE procedures depends strongly on the nature of adsorbent being used, because the analytical sensitivity, affinity, capacity, and precision of the procedure can be usually estimated by the adsorbent action during separation process [10] [11] [12] [13] .
Recently, many research groups have explored the application of several nanosized SPE adsorbents such as nanoparticles (NPs) and nanotubes. Meanwhile, the magnetic nanoparticles are one of the most popular materials in analytical biochemistry, medicine, and biotechnology. Also, they have been increasingly applied to immobilize proteins, enzymes, and other bioactive agents [14] .
Nanomaterials can offer several advantages over traditional SPE adsorbents, such as having a short diffusion route and very high surface areas and extraction capacity, which result in their rapid extraction dynamics and high extraction efficiencies [15] . Moreover, by using superparamagnetic nanoparticles (NPs), such as Fe 3 O 4 , a shorter analysis time can be achieved. It is mainly due to their easy isolation by an external magnetic field which is applied outside the extraction container [16] .
However, pure magnetic particles are prone to form aggregates and their magnetic properties can be altered in complex environmental and biological systems. To solve the above problems, a suitable protective coating on a magnetic core is often used. The core-shell magnetic nanoparticles have high surface areas. Between some protective coatings, silica has been considered as one of the most ideal shell materials. This is mainly due to its reliable chemical stability, biocompatibility, and versatility in surface modification [17, 18] .
Recent studies on the use of surfactant-coated mineral oxides have demonstrated that these new adsorbent materials, which are shielded with hemimicelles/or admicelles, can be promising tools for the extraction/preconcentration of ionic and non-ionic compounds [18] [19] [20] . In comparison with the other ordinary adsorbents, one feature of the surfactantcoated adsorbents is that the outer surfaces of hemimicelles and admicelles are hydrophobic and ionic, respectively. Therefore, it makes them as a proper adsorbent, which offers different mechanisms for extraction processes [18] . Moreover, since the surfactants are commercially available, the hydrophobicity and the charge of the adsorbent can be easily modified according to the nature of the analytes. So, using mixed hemimicelles/admicelles in SPE has many advantages, such as, high extraction yields, high breakthrough volumes, and rapid elution of analytes [18] .
In this study, the chemical synthesis of Fe 3 O 4 MNPs and the surface modification of synthesized MNPs with silica and micelles of sodium dodecyl sulfate (SDS) have been described. So, bilayer coatings of silica and SDS micelle in the first and second layers surrounded the Fe 3 O 4 nanoparticle core, respectively. The shape and structure of the synthesized nanomaterials were studied by FTIR, XRD, and TEM techniques. Also, the capability of SDS micelles-coated Fe 3 O 4 /SiO 2 magnetic nanoparticles to separate crystal violet (CV) from water samples was investigated and then the dye was concentrated into the eluting solution.
Experimental

Reagents and materials
Fer ric chloride (FeCl 3 ·6H 2 O), fer rous chloride (FeCl 2 ·4H 2 O), sodium hydroxide, ammonia, ethanol, acetone, sodium dodecyl sulfate (SDS), tetra ethoxysilane (TEOS) (98%), sodium chloride and hydrochloric acid were all analytical grade from Merck (Darmstadt, Germany). Crystal violet, C 25 H 30 N 3 Cl, was purchased from Sigma-Aldrich Company. The chemical structure of the dye is presented in Fig. 1 .
Instrumentation
The dye concentrations were measured by a double-beam UV/Vis spectrophotometer (Shimadzu, Model UV 1601, Japan) at a wavelength of 582 nm. The phase purity was characterized by X-ray powder diffraction (XRD) (bruker AXS GmbH, Karlsruhe, Germany) using Cu-Kα radiation (λ = 1.5406 Å). Transmission electron microscopy was carried out using a Zeiss-EM10C operated at a 100-kV accelerating voltage. The pH values were measured with a Consort C860 multi-parameter analyzer. The FTIR spectra were recorded on a Perkinelmer FTIR 100 spectrometer and using standard KBr pellet technique.
Adsorbent preparation
Synthesis of Fe 3 O 4 nanoparticles
The chemical co-precipitation method was used in the preparation of the Fe 3 O 4 NPs with some modifications [16] . At first for preparing a stock solution, 5.4 g of FeCl 3 ·6H 2 O and 2.0 g of FeCl 2 ·4H 2 O were dissolved in 25 mL of deionized distilled water and 25 mL of 2 M HCl was added to the solution in a beaker. The stock solution was stirred under argon gas protection for 10 min. Then, its temperature was adjusted in 80 °C in a reactor and 40 mL of concentrated ammonia solution was added dropwise under vigorous stirring (1000 rpm) and argon gas protection in 30 min. After adding ammonia to the solution, it was rapidly stirred for 60 min. Then, the solution was cooled to room temperature and the Fe 3 O 4 NPs were produced. The magnetic precipitate was isolated with a permanent magnet and then washed three times with 150 mL of deionized water and absolute alcohol. Finally, the black powder Fe 3 O 4 nanoparticles were dried under vacuum at 50 °C during 24 h.
Modification of Fe 3 O 4 nanoparticles with SiO 2 groups
Fe 3 O 4 /SiO 2 NPs were synthesized according to the previously reported method with some modifications [21] . So, 1 g of the Fe 3 O 4 nanoparticles was suspended in 200 mL of pure ethanol under sonication and argon gas protection for 1 h. Then, 22.5 mL of concentrated ammonia, 18.75 mL of deionized water, and 0.5 mL of TEOS were added, in sequence, to the suspension and the mixture was sonicated for 1 h. To achieve complete silica-coated magnetic nanoparticles, the suspension was stirred for another 8 h. The silica-modified nanoparticles were isolated by a permanent magnet and rinsed with deionized water three times and then dried during 24 h.
Preparation of SDS micelle-bound SiO 2 -coated magnetic NPs
To coat the SiO 2 -modified magnetic nanoparticles by micelles of SDS, 10 mL of 5%w/v SDS solution (> CMC of SDS) was added to about 1.0 g of silica-modified MNPs, in a beaker. Then, the solution was vigorously stirred for 1 min with a glass rod and then the beaker was placed on a magnetic field. After completing the grounding of the SDS micelles-bound silica-coated magnetic nanoparticles (SDS micelle-SCMNPs), the solution was decanted and the dark brown modified NPs were washed three times with distilled water, to eliminate the extra amount of surfactant [21] .
Procedure
Preconcentration of crystal violet by SDS micelle-coated Fe 3 O 4 /SiO 2 MNPs has been studied in batch experiments. A known amount of nanoadsorbent (7 mg) was added to 20 mL of 1 mg L −1 aqueous crystal violet solution at pH 6 and it was shaken for 5 min at 20 °C. 5 min and 20 °C are contact time and temperature, respectively. To isolate the modified MNPs containing the adsorbed dye, from the remaining solution, a strong magnetic field was used and so the supernatant liquid phase was magnetically decanted. Finally, the adsorbed target analyte (CV) on the SDS micelle-coated Fe 3 O 4 /SiO 2 MNPs was eluted with 1.0 mL of 1:4 v/v solution of acetic acid: acetonitrile under shaking in 2 min, elution time, and exposed to a permanent magnet. The clear solution of the eluent containing the eluted crystal violet was transferred to the glass tube. Then, analyte absorbance in the eluent was determined by a UV spectrophotometer at 589 nm against blank. 
Calculation of extraction recovery (response) and relative recovery
To evaluate the efficiency of the method and obtain optimum conditions, the extraction recovery of the analyte was determined. The extraction recovery (ER%) was defined as the percentage of total analyte (n 0 ) that was extracted into the sedimented phase (n sed ) and presented in the following equation:
where C sed is the concentration of analyte in the sedimented phase after extraction, and C 0 is the initial concentration of analyte in the aqueous phase. V sed and V aq are the volume of sedimented phase and the volume of aqueous phase, respectively. N 0 and n sed are the initial moles of analyte in the aqueous phase and its extracted moles into the sedimented phase, respectively.
To assess the matrix effect of real samples on the proposed method, the relative recovery (RR) was determined using Eq. (2): where n measured is the moles of analyte after addition of a known amount of standard in the real sample, n real is the initial moles of analyte in real sample and n added is the moles of the spiked standard to the real sample.
Results and discussion
Characterization of the synthesized nanoadsorbent
X-ray powder diffraction (XRD)
XRD analysis was used to investigate the crystalline structure of synthesized nanoparticles (Fig. 2) . The Joint Committee on Powder Diffraction Standards (JCPDS) reference pattern of magnetite (No. 19-629) was used for comparison. As could be seen in Fig. 2 , the XRD pattern of functionalized magnetite nanoparticles (SDS micelle coated Fe 3 O 4 /SiO 2 MNPs) was matched well with that of the standard Fe 3 O 4 structure. This indicated that the SiO 2 and SDS micelles coating did not cause the phase change in Fe 3 O 4 NPs structure [22] . On the other hand, the sharp and narrow peaks also indicate that SDS micelle-coated Fe 3 O 4 /SiO 2 nanoparticles have high crystallinity and purity [23] [24] [25] .
The introduction of SiO 2 and SDS micelle onto the magnetite nanoparticles was approved by TEM results (Fig. 3) . As seen in Fig. 3 , the dark nano-Fe 3 O 4 cores have been surrounded by a gray shell of SDS micelle and SiO 2 coating, and also little agglomeration can be observed [13] . Moreover, from TEM report, the particles have an approximate spherical shape and an average size of 30-40 nm. [26] . Therefore, the main peak of the streching vibration of S=O at 1220 cm −1 for pure SDS has shifted a little and is observed at 1067 cm −1 . Since the peak at 1066-1067 cm −1 belongs to the stretching vibrations of the both of Si-O and S=O bands and the two peaks overlapped, this peak in the red line is more intense than that of in blue one (Fig. 4) . So, the results in Fig. 4 show that the both of SDS micelles and SiO 2 coatings are adsorbed on Fe 3 O 4 MNPs via purely physical adsorptions [26] .
FT-IR spectrum
Optimization of various parameters
Effect of pH
It is well known that the pH of the sample solution is one of the prime factors influencing on the states of species (as ions or neutral forms). Also, adsorption behavior of an adsorbent system can be affected by pH aqueous solution. For instance, at different working pH values, there is different charge density on the Fe 3 O 4 /SiO 2 MNP surface [27] . In this study, the sorption behavior of crystal violet on the modified nanoadsorbent from water samples was investigated, in the solution pH range of 3.0-10.0. The pH of the solution was adjusted at the required value by the addition of 1.0 mol L −1 NaOH or 1.0 mol L −1 HCl. As shown in Fig. 5a , b, by increasing the solution pH, from 3 to 6, the adsorption efficiency of dye was improved and reached a maximum at pH about 6 and then decreased at higher pH values. At low pH (about 3), the negative charge density on the SDS micelle coating Fe 3 O 4 /SiO 2 MNPs is decreased [28] . This is mainly due to the high free proton ion concentration in the solution, which makes the neutralization of the negative charge on the SDS micelle-coated Fe 3 O 4 /SiO 2 MNPs. So, the tendency of the cationic dye toward the nanoadsorbent is reduced. Then, by increasing the pH value up to 6, H + ions concentration is diminished and so the removal percentage of CV on the surface of the nanocomposite is improved. But at higher pH (> 6), a significant decrease in the dye removal and recovery percentage is observed (Fig. 5) [30, 31] . On the other hand, the positive charge of the cationic dye can be neutralized by OH − groups in basic conditions. Thus, pH of the solution was adjusted at pH 6.0, as optimum value, for further experiments.
Effect of nanoadsorbent dosage
Compared to ordinary adsorbents (micron-size particle adsorbents), NP adsorbents have higher surface areas. Therefore, satisfactory results can be achieved by fewer amounts of NP adsorbents [27, 32, 33] . In this study, the effect of the amount of modified nanoparticles on the quantitative extraction of crystal violet was investigated, by varying the amounts of the modified nanoparticles from 0.5 to 17 mg. It can be seen from Fig. 6a , b that the highest recovery and removal of crystal violet has been obtained with increasing of modified nanoparticles amount up to 5 mg and remained constant at higher amounts of nanocomposite. This is mainly due to the higher collision probability between CV and SDS micelles-coated Fe 3 O 4 /SiO 2 MNPs in higher dosage of nanocomposite. Therefore, 7 mg of the modified nanoparticles was selected as the optimum value for further experiments.
Effect of contact time
The effect of contact time on the overall extraction efficiency of the crystal violet was studied, by varying the contact time between adsorbent and dye sample solution in the range of 1-15 min. As shown in Fig. 7a, b , the adsorption efficiency of crystal violet has been improved by increasing the contact time up to 5 min and remained nearly constant in more than 5 min. Therefore, a short contact time of 5 min was selected for the adsorption of CV on the SDS micelle-coated Fe 3 O 4 / SiO 2 MNPs.
Effect of temperature
In this study, the effect of temperature on the adsorption of crystal violet on the SDS micelle-coated Fe 3 O 4 /SiO 2 NPs was investigated, in the range of 5-40 °C under optimal conditions (i.e., contact time: 5 min, pH 6 and adsorbent dosage: 7 mg). It can be seen from Fig. 8a, b , by increasing the temperature from 5 to 20 °C, the adsorption and recovery efficiencies of the crystal violet have been increased nearly 100% and 98.32%, respectively. But at higher temperatures (25-40 °C), the separation and recovery efficiencies of CV have been diminished. This might be due to the fact that the critical micelle concentration (CMC) of SDS and consequently its micellization can be varied as a function of temperature [34] . For ionic surfactant, the temperature has strong effect on the hydrophobic and hydrophilic interaction behavior of micelles. According to the CMC versus temperature studies for ionic surfactants, CMC decreased to a minimum value and then increased, by increasing the temperature. Therefore, a U-shape behavior was observed [34] . Since the minimum CMC value of SDS was achieved at 21 °C, the maximum micellization could be occurred around this temperature [34] . So, maximum recovery and extraction efficiencies of the crystal violet (98% and 100%) can be seen at 20 °C, because of the maximum micellization of SDS at this temperature [34] .
Desorption condition
Organic solvents can rapidly and completely disrupt the micelles and therefore the analyte is removed from the surface of NPs [14, 35] . By carrying out some experiments we found that desorption ability of acetonitrile was improved, when acetic acid was added into the acetonitrile [18] . Thus, different volumes of the mixed solutions of acetonitrile and acetic acid were studied for desorption of analytes from the SDS micelle coated Fe 3 O 4 /SiO 2 MNPs. The results are presented in Table 1 . It was resulted that among the testing solvents, the highest recoveries (91.32%) were achieved using 1 mL of the mixture of acetic acid: acetonitrile (1:4, v/v) at ambient temperature (~ 25 °C). Therefore, it was selected as the elution solvent for desorption of the analyte from the surface of the modified magnetic nanoparticles. Also, the elution time in the range of 1-7 min was investigated and the results showed that the recovery of CV was quantitative (91.32%) in 2 min. So, 2 min was selected as the optimal elution time in other experiments.
Adsorption capacity and isotherms
To study the adsorption capacity and isotherms of SDS micelle-coated Fe 3 O 4 /SiO 2 MNPs, 7 mg of the adsorbent was added to 20 mL of different concentrations of dye, in the range of 1-20 mg L −1 , at pH 6.0 and 20 °C. After shaking for 5 min, the supernatant was decanted by applying an external magnetic field and the remaining crystal violet in the supernatant solution was determined by a UV spectrophotometer at 589 nm against blank. The adsorption capacity (q E , mg g −1 ) was calculated as: where C 0 and C E are the initial and equilibrium concentrations (mg L −1 ) of crystal violet in the solution, respectively. V is the volume of dye solution in mL and m is the amount of adsorbent in mg.
Two more common adsorption isotherms, Langmuir and Freundlich, were studied [36] . The results are summarized in Table 2 . As seen in Table 2 , the Langmuir model has been fitted better (R 2 = 0.9992) than the Freundlich model (R 2 = 0.9473). Therefore, monolayer adsorption of dye on the homogeneous surface of SDS micelle-coated Fe 3 O 4 /SiO 2 MNP has been considered. Since the constant 1/n is 0.174, proper physical adsorption of dye on the nanoadsorbent is concluded [13] . On the other hands, the results showed that the maximum capacity of the SDS micelle-coated Fe 3 O 4 / SiO 2 MNPs was 16.37 mg g −1 for the removal of crystal violet.
Also, the effect of initial dye concentration, in the range of 1-20 mg L −1 , on its removal percentage was studied. The results are shown in Fig. 9 . As indicated in Fig. 9 , by increasing the initial concentration of crystal violet in the aqueous solution, the dye removal is diminished. This is mainly due to the finite capacity of nanoadsorbent [13] .
Analytical performance
Under optimal conditions: 20 mL of 1 mg L −1 of CV solution at pH 6 in 20 °C, 7 mg of nanoadsorbent, contact time = 5 min, eluting solution = mixture of 0.8 mL of acetonitrile + 0.2 mL of acetic acid, and elution time = 2 min, the analytical parameters such as: linear dynamic range (LDR), correlation coefficient (R 2 ), limit of detection (LOD), and relative standard deviation (RSD) were determined and summarized in Table 3 . The calibration curve of crystal violet was constructed in the range of 10-2500 µg L −1 and characterized with a high correlation coefficient (R 2 = 0.9991) under optimum conditions. Based on C LOD = 3S b /m equation, C LOD , S b and m are limit of detection, standard deviation of blank, and slope of the calibration curve, respectively. The limit of detection (LOD) of crystal violet was achieved 1.82 µg L −1 . Standard deviation (SD) of the method was 0.056% (n = 7) under optimal conditions. After measuring the amount of crystal violet in the 1 mL of eluent, preconcentration/or enrichment factor was achieved 20.
Also, the ultraviolet/visible spectrums of crystal violet before and after removal and also after concentration, via proposed method, were investigated, under optimal conditions (Fig. 10) . 
Real sample analysis
The proposed method was applied to determine the extraction and concentration of crystal violet from river water samples. Since the concentration of CV in river water samples was at very low levels and could not be determined, two different amounts of standard dye solution were spiked to two river water samples, 0.5 and 1 mg L −1 , and the recovery percentage of dye was investigated. The results are shown in Table 4 . As it is seen in Table 4 , recovery percentage of dye from matrices was obtained about 97.1% and 97.7% when 0.5 and 1 mg L −1 crystal violet was spiked into two river water samples, respectively. As a result, the complexity of the medium did not have significant effect on the efficiency of dye recovery with the proposed method under optimum conditions.
Comparison with other preconcentration methods
A comparison of the proposed method with other reported preconcentration methods for extraction of crystal violet is given in Table 5 . As seen in Table 5 , the LOD (1.8 µgL −1 ), standard deviation (SD %) and contact time of the proposed method are comparable to or better than those of some previously reported preconcentration methods.
Conclusion
This study proved that SDS micelle-coated Fe 3 O 4 /SiO 2 nanoadsorbent, with average size of 30-40 nm, can act as an effective solid phase for the adsorption of crystal violet (CV) from water samples. This may be due to the strong electrostatic interactions between negatively charged SDS micelle-coated Fe 3 O 4 /SiO 2 nanoparticles and the positively charged dye under optimal conditions. One of the most important characteristics of the synthesized SDS micelle-coated Fe 3 O 4 /SiO 2 nanoadsorbent is its magnetically assisted separation of analytes from the aqueous sample solutions, while shorter analysis time can be achieved. On the other hand, the larger surface area of nanomaterials results in the higher adsorption capacity. So, lower amounts of SDS micelle-coated Fe 3 O 4 /SiO 2 nanoadsorbent are needed than those of other ordinary adsorbents and the extraction process was done in less time. Also, crystal violet was concentrated into low volume of eluting solution in a very short time. Therefore, fast removal and concentration of dye was performed via proposed method, in less than 10 min.
The SDS micelle-coated Fe 3 O 4 /SiO 2 NPs, as an efficient adsorbent, were used to remove the crystal violet dye from river water samples and the results proved the reliability of the proposed method. Table 4 The recovery of crystal violet from river water samples. 
